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OPTICAL FIBER AND OPTICAL FIBER
RIBBON, AND OPTICAL
INTERCONNECTION SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of PCT/JP2007/0670535
filed on Aug. 31, 2007, the entire content of which are incor-
porated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an optical fiber typically
used for optical wiring 1nside an apparatus.

2. Description of the Related Art

Schemes used for signal transmission inside an apparatus
can be two types: electric transmission scheme and optical
interconnection scheme. With the recent increase of the speed
of CPU clock frequencies, occurrence of cross-talk, which 1s
caused by high density wiring, 1s a problem for the electric
transmission scheme. Therefore, application of a wavelform
shaping technique, etc., 1s necessary. As a result, when the
clectric scheme 1s employed as the signal transmission
scheme 1n an apparatus, 1t 1s known that a transmission dis-
tance of about 1 m and a transmission speed of about 10 Gbps
are the limaits for the transmission.

On the other hand, the optical interconnection scheme
enables execution of transmission over a much broader band
compared to the electric transmission scheme and enables
configuration of a signal transmission system that uses small-
s1ze low-power-consumption optical components. Theretore,
the optical interconnection scheme 1s drawing attention as an
in-apparatus signal transmaission technique that 1s to replace
the electric transmission scheme.

A scheme that employs an optical fiber 1s also drawing
attention as one of optical transmission units employing the
optical interconnection scheme. All the optical components
used 1n an apparatus are desired to be able to be accommo-
dated 1n a space as small as possible. Therefore, an optical
fiber to be used for the optical interconnection scheme 1s
desired to enable flexible wiring and to have a small connec-
tion loss between the optical fibers or between the optical
fiber and a light source, etc.

On the other hand, as to the light source, Vertical-Cavity
Surface-Emitting Laser, hereinafter, “VCSEL” that operates
at the direct modulation from 2.5 Gbps to 10 Gbps 1s drawing
attention as an access-based, an Ethernet (a registered trade-
mark), and a fiber channel un-cooled light sources. VCSEL
has the following features compared to an edge-emaitting laser
such as a distributed-feedback (DFB) laser.

(a) A laser light beam 1s output perpendicularly to the
substrate surface.

(b) Can be easily configured as a multi-channel array.

(c) Can operate at a low threshold value and with small
power consumption.

(d) The emitting surface has a high reflectivity and 1t 1s
insensitive to the returned light (isolator-free).

() Shape of the emitted light beam 1s circular and the light
beam has a high coupling factor with a fiber (lens-free).

Because the components such as an 1solator and a lens can
be omitted as explained above, the number of components can
be reduced. In other words, the VCSEL 1s a device that can
facilitate reduction of the cost as a module. A VCSEL for a
850-nm band of wavelength and using a GaAs/AlGaAs quan-
tum, etc., as an active layer 1s already prevailing widely as ade
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facto standard of short-distance communication laser ele-
ments. A typical optical fiber used 1n this case can be a
silica-based graded-index optical fiber that 1s a type of multi-
mode fiber (hereinatter, “MME”).

An MMF 1s characterized 1n that 1t has a core diameter that
1s as large as that of a single-mode fiber (hereinatter, “SME”),
and a large numerical aperture. Therefore, high precision 1s
not necessary for a connection between optical components
such as between optical fibers or between an optical fiber and
a light source, etc. Therefore, easy connection 1s enabled.

Recently, aiming at executing higher-speed communica-
tion, considering application of an SMF that has a smaller loss
and a wider band compared to an MMF 1s started. The VCSEL
that has an oscillation wavelength ina 1.3 um band (1,300+50
nm) that 1s a small-loss band for silica-based optical fibers, 1s
drawing attention as a light source used 1in this case, and
research and development of the VCSEL are actively carried
out.

However, a standard SMF provided i ITU-T (Interna-
tional Telecommunication Union Telecommunication Stan-
dard Sector) (5.652 can not cope with the above communica-
tion because a large bending loss occurs when this SMF 1s
accommodated 1n an apparatus.

As to an SMF having lesser bending loss, an optical fiber
including a portion that has a lower refractive index than that
of a cladding 1n the cladding portion of the standard SMF and,
therefore, having a trench-shaped refractive index profile has
been reported as an optical fiber preferably used for FITH
(Fiber To The Home) (for example, Non-Patent Document 1).
However, this fiber 1s imncomplete to be used 1n an optical
interconnection system.

Non-Patent Document 1: Masataka Ikeda, Shoichiro Mat-
suo, and Kuniharu Himeno, “Low Bending Loss Optical
Fiber with Reduced Splice Loss”, Technical Report of Insti-
tute of Electronics, Information and Commumnication Engi-
neers, OCS2003-43, OFT2003-25 (2003-8)

As above, as to an optical fiber to be used 1n an optical
interconnection system, it 1s required to realize an optical
fiber for which both of the bending loss thereof and the
connection loss thereof are reduced, that enables high-speed
optical transmission, and that 1s suitable for easily construct-
ing the optical interconnection system.

A standard SMF can not cope with any optical intercon-
nection system because a large amount of bending loss occurs
to the SMF. Therelore, 1t 1s necessary to reduce the bending
loss of an optical fiber. However, even SMFs for which the
bending loss has been reduced and that are preferably used for
FTTH, including the above optical fiber described in Non-
Patent Document 1, are not suitable for use in an optical
interconnection system.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to at least partially
solve the problems 1n the conventional technology.

According to an aspect of the present invention, there 1s
provided an optical fiber that has a core and a cladding and
that 1s made of silica-based glass, wherein the optical fiber
having a mode field diameter of 6.5 um or larger at a wave-
length of 1300 nm, transmitting light with a wavelength of
1250 nm 1n a single mode, and having a bending loss of 1
dB/turn or smaller at a wavelength of 1300 nm when the
optical fiber 1s bent with a curvature radius of 1.5 mm.

According to another aspect of the present invention, there
1s provided an optical fiber ribbon wherein the optical fiber
ribbon 1s formed by placing a plurality of optical fibers in
parallel to each other and integrating the optical fibers 1n the
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form of a flat belt, each of the optical fibers having a core and
a cladding and that 1s made of silica-based glass, wherein the
optical fiber having a mode field diameter of 6.5 um or larger
at a wavelength of 1300 nm, transmitting light with a wave-
length of 1250 nm 1n a single mode, and having a bending loss
of 1 dB/turn or smaller at a wavelength of 1300 nm when the
optical fiber 1s bent with a curvature radius of 1.5 mm.

According to still another aspect of the present invention,
there 1s provided an optical interconnection system for a
communication wavelength of a 1.3 um band, the optical
interconnection system including an optical fiber that has a
core and a cladding and the optical fiber being made of silica-
based glass, wherein the optical fiber having a mode field
diameter of 6.5 um or larger at a wavelength of 1300 nm,
transmitting light with a wavelength of 1250 nm 1n a single
mode, and having a bending loss of 1 dB/turn or smaller at a
wavelength of 1300 nm when the optical fiber 1s bent with a
curvature radius of 1.5 mm, and the optical fiber transmits an
optical signal; and a surface emitting laser that injects an

optical signal in a wavelength of a 1.3 um band 1nto the optical
fiber.

The above and other objects, features, advantages and tech-
nical and industrial significance of this invention will be
better understood by reading the following detailed descrip-
tion of presently preferred embodiments of the mvention,
when considered 1n connection with the accompanying draw-
Ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 11s a graph of the relation between a bending loss and
an MFD 1n a single-peak-type refractive index profile (the
bending radius 1s set to be 1.5 mm and the cut-oif wavelength
1s set to be 1,300 nm);

FI1G. 2 1s a graph of the relation between an axial misalign-
ment and a connection loss when connecting two optical
fibers of the same type in each MFD;

FIG. 3 1s a graph of the relation between the break prob-
ability and the cladding diameter obtained when it 1s assumed
that the bending radius 1s 5 mm, that the number of turns 1s
one, and that the life 1s five years;

FI1G. 4 1s a diagram of a W-shaped refractive index profile
that 1s used for simulation;

FIG. 5 1s a chart of characteristics of the optical fibers
having the refractive index profiles shown 1n FIGS. 4, §, and
7 obtained when parameters thereof are set (the values respec-
tively of MFD, the bending loss, and the dispersion are those
at a wavelength of 1,300 nm.);

FIG. 6 1s a diagram of a W-segment-type refractive mndex
profile that 1s used for simulation;

FI1G. 7 1s a diagram of a quasi-W-shaped refractive index
profile that 1s used for simulation;

FIG. 8 1s a perspective view of an exemplary construction
of an optical interconnection system for a communication
wavelength band of 1.3 um according to an embodiment of
the present invention;

FI1G. 9 1s a lateral cross-sectional view of a small-diameter
optical fiber used 1n the exemplary construction of the optical
interconnection system of FIG. 8; and
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FIG. 10 1s a lateral cross-sectional view of a 12-conductor
small-diameter optical fiber ribbon used in the exemplary
construction of the optical interconnection system of FIG. 8.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Exemplary embodiments of an optical fiber according to
the present invention are explained below. The present inven-
tion 1s not limited to the embodiment.

An optical fiber according to the embodiments of the
present invention enables high-speed optical transmission
that exhibits a small loss over a 1.3 um band by single-mode
operation at a wavelength of 1,250 nm. A mode field diameter
ol the optical fiber for a wavelength of 1,300 nm 1s 6.5 um or
larger and, thereby, a connection loss generated between opti-
cal fibers can be reduced and construction of an optical inter-
connection system 1s facilitated. Simultaneously, a bending
loss for the wavelength of 1,300 nm generated when the
optical fiber 1s bent at a radius of curvature of 1.5 mm 1s 1
dB/turn and, thereby, flexible wiring and compact accommo-
dation of the optical fiber are enabled. Specific description
will be given below.

When a silica-based optical fiber 1s used for in-apparatus
optical wiring, 1t 1s required that the optical fiber enables
flexible wiring and that 1t can be compactly accommodated.
On the other hand, when construction of a high-speed optical
interconnection system 1s the object, 1t 1s desirable that the
transmission loss of the optical fiber 1s close to zero as much
as possible. That 1s, 1t 1s desired that no bending loss occurs to
an optical fiber for optical interconnection even when the
optical fiber 1s bent with a very small radius of curvature due
to wiring constrains. In actual in-apparatus optical wiring, 1t
1s possible that an optical fiber 1s bent at a radius of curvature
of about 1.5 mm at several points. In this case, when local
bending 1s applied due to running of an optical fiber for wiring
or when a necessary bending loss acceptable value 1s consid-
ered from the viewpoint of the worst case designing, 11 bend-
ing loss 1s 1 dB or less when one turn of bending at a radius of
curvature of 1.5 mm 1s applied, it can be said that the optical
fiber has a sufficiently excellent bending loss characteristic
and enables tlexible optical wiring (““I'urn’ 1s used as the unit
to count portions that each form bending (bent portion herein)
and, when an optical fiber 1s bent by 360 degrees, this 1s
counted as “one turn”. For example, this term 1s used as 1n
“four 90-degree bent portions make one turn” and “two
90-degree bent portions make %2 turn™).

Usually, for an SMEF, it 1s necessary to increase the effective
refractive index in the fundamental mode to reduce the bend-
ing loss thereof. When the eflective refractive index in the
fundamental mode 1s increased, a method of increasing the
relative refractive index difierence A between the core and a
cladding in the refractive index profile of an optical fiber 1s
generally employed. The relative refractive index difference
A 1s defined by the following Equation (1).“n_.__~and“n_, .~
respectively are the core region refractive index and the clad-
ding region refractive index.

A:{ (HCGFE_HCEHJ)/HEDFE}X100[%: (1)

FIG. 1 shows the result obtained by simulation of the
relation between the mode field diameter (hereinafter,
“MFD”) [um] at a wavelength of 1,300 nm and the bending
loss [dB/turn] per turn at a radius of curvature of 1.5 mm at the
wavelength of 1,300 nm, obtained when the relative refractive
index difference A of the core, the core diameter, and an o
value, which 1s a parameter representing the refractive index
profile shape of the core, are gradually varied for an optical
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fiber that has a single-peak refractive index profile. The cut-
off wavelength 1s fixed at 1,300 nm. o, 1.e., the a. value that
represents the refractive index profile shape of the core, 1s
defined as 1n Equation (2):

“x{1-2x(A/100)x(2r/a) o} (where O<r<a/2)

oore

(2)

In Equation (2), “r’” denotes the position in the radial direc-
tion from the center of the optical fiber; “n(r)” denotes the
refractive index at a position r; and “a” denotes the diameter
of the core. The symbol “™ i

n2(r)=n

1s a symbol that denotes the
power. For an optical fiber having a single-peak refractive
index profile, though the MFD generally becomes smaller
when the relative refractive index difference A 1s increased, 1t
can be seen from FIG. 1 that the bending loss can be reduced
when the MFD 1s made small by increasing the relative
refractive index difference A. It also can be seen that the
relation between the bending loss and the MFD does not
change even when the o value 1s changed. That 1s, 1n the
single-peak refractive index profile, the relation between the
bending loss and the MFD 1s constant and does not depend on
the refractive index profile shape of a first core. Similarly,
from FIG. 1, 1t can be seen that MFD of about 6.2 um or less
1s necessary to realize a bending loss of 1.0 dB/turn or less.
However, the relative refractive index difference A 01 0.9% or
larger 1s necessary to realize this MFD.

The MFD becomes smaller when the bending loss
becomes smaller. For example, for a single-peak refractive
index profile with A=0.9% and ¢.=2.0, the bending loss 1s 0.8
dB/turn. However, the MFD 1s reduced to about 1 um.

In this case, when an 1in-apparatus communication system
using optical interconnection 1s constructed, 1t 1s assumed that
a connection between optical components such as an optical
fiber, a VCSEL, etc., 1s made by a spatial connection. When
optical wave guides are connected using a spatial connection,
a connection loss usually occurs. This connection loss T 1s
determined by a connection efficiency 1 and can be theoreti-
cally calculated using Equations (3) to (5):

I'=-10xlogn (3)

n=kxexp{—kx[(1/w *+1/w,")xx4"/2]}

(4)

K=4/{(w /syt wow | P +{(Axz/ (TIxw  xw5)? } (5)

w,” and “w,” respectively represent MFDs of optical
fibers to be connected. “x,” represents the optical axial mis-
alignment between fibers being connected (hereinafter, “axial
misalignment™). “A” represents the wavelength used. “z” rep-
resents the distance between the optical fiber facets. In Equa-
tions (3) to (4), 1t 1s assumed that the optical axes of the fibers
are parallel.

FIG. 2 shows the relation between the axial misalignment
and the connection loss at a wavelength of 1,300 nm for a
spatial connection between optical fibers of the same type
obtained using Equations (3) to (5). FIG. 2 1s a graph of the
relation between an axial misalignment and a connection loss
for connection between optical fibers of the same type at
MFDs of 3.0 um to 7.0 um shown 1n the legend. The axis of
abscissa represents the axial misalignment [um| for a connec-
tion between optical fibers of the same type. The axis of
ordinate represents a connection loss [dB] for a connection
between optical fibers of the same type.

The relation shown 1n FIG. 2 1s calculated assuming that
the distance “z”, which 1s a distance between the connected
optical fiber facets, 1s zero. From FI1G. 2, 1t can be seen that the
connection loss 1ncreases as the axial misalignment
increases. It can also be seen that a trend of the connection
loss toward increase thereof becomes strong for an axial

10

15

20

25

30

35

40

45

50

55

60

65

6

misalignment as the MFD of a connected optical fiber
becomes small. The axial misalignment and the MFD are
important parameters for a connection between an optical
fiber and a light source such as a VCSEL, etc., between an
optical fiber and a light-receiving unit such as a PD, etc., or
between optical fibers. Currently, the maximal value of an
axis alignment gap due to errors occurring during manufac-
ture can be about 1.5 um 1 some case. Therefore, the loss
designing considering that an axis alignment gap of 1.5 um
can be admitted from the viewpoint of the worst case design-
Ing 1S necessary.

For example, construction of high-speed optical intercon-
nection system that includes an optical fiber connecting a
VCSEL and aPD1s assumed. It1s also assumed that an optical
output power of the VCSEL 1s about —10 dBm considering a
trend of lowering of the output during high-temperature
operation thereof, and the minimal light-recerving sensitivity
of the PD 1s —16 dBm. In this case, only about 6 dB can be
secured as the light link loss budget. A detailed optical wiring
form for this case will be considered. It 1s assumed that the
above system includes one connection between the optical
fiber and the VCSEL, five connections between optical fibers,
and one connection between the optical fiber and the PD, and
an axis alignment gap of 1.5 um 1s present at each connection
from the viewpoint of the worst case designing. When 1t 1s
assumed that, of the connections, an MFD of 5 um to 7 um and
an axial misalignment of 3° for both components are present
for the connections between the VCSEL and the optical fiber
and between the optical fiber and the PD, a connection loss of
a total of about 1.5 dB occurs.

Therefore, 1t 1s necessary to set a permissive total connec-
tion loss between the optical fibers to be 4.5 dB or less, that 1s,
to seta connection loss for one connection to be 0.9 dB or less.
To satisly this condition, as shown 1n FIG. 2, the MFD needs
to be at least 6.5 um. For the above bending-loss-reduced
single-peak refractive index profile with A=0.9% and a=2.0,
a connection loss up to 1.1 dB occurs for one connection
because the MFD 1s about 6.1 um. Therefore, 1n this case, the
total connection loss 1s about 5.5 dB and this means that the
construction of the high-speed optical interconnection sys-
tem 1s difficult.

As above, when the relative refractive index difference A 1s
increased to reduce the bending loss 1n designing the optical
fiber refractive index profile, the MFD 1s decreased and the
connection loss 1s increased. That 1s, a trading-oif relation 1s
present between the bending loss and the connection loss. As
shown 1n FIG. 1, 1 the single-peak refractive index profile,
the above trading-oif relation 1s not improved at all even when
the refractive index profile shape of the first core 1s varied.

The optical fiber of the embodiment improves the trading-
oil relation between the bending loss and the connection loss
by setting the refractive index profile of the core thereof to be
a W-shaped refractive index profile based on a two-layer
structure, or a W-segment refractive index profile or a quasi-
W-shaped refractive index profile based on a three-layer
structure, and optimizing these structural parameters.

That 1s, for SMF's each having a single-peak profile, when
the cut-oif wavelength 1s determined by varying the core
diameter, optical fibers each having the substantially same
MFD show the substantially same bending loss almost not
depending on the core shape. However, in profiles such as a
W-shaped profile based on an optical fiber having a depressed
layer that has a lower refractive index than that of a cladding
as a second core on the outer circumterence of a first core, the
MFD can be varied maintaiming a bending loss and a cut-off
wavelength that are same as those of a single-peak profile.
This 1s because providing the depressed layer causes the
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cut-oif wavelength not to shift toward a longer wavelength
even when the relative refractive index difference (A) of the
center core 1s increased and, theretore, the core diameter does
notneed to be reduced to adjust the cut-off wavelength. When
a depressed layer 1s provided as a second core, the shape of the
first core significantly influences the MFD. The light-confin-
ing elfect becomes weak and the MFD becomes large as the
a.value that represents the refractive index profile shape of the
first core becomes small. On the other hand, the MFD 1s not
sensitively influenced by the magnitude of the relative refrac-
tive index difference A and the layer width of the depressed
layer.

On the other hand, when a form of in-apparatus optical
wiring 1s assumed, the wiring 1s demanded to be compactly
accommodated and it can be considered that small bending at
a small radius of curvature of the bending radius of about 5
mm due to deformation, etc., for wiring 1s applied at various
points 1n the apparatus 1n addition to the above bending hav-
ing the bending radius of about 1.5 mm. For each of the points
at which bending at a radius of curvature of about 1.5 mm 1s
applied, heat treatment, etc., are applied and measures to
release the strain are taken. However, no such measures are
taken for the bending at a bending radius of about 5 mm that
occurs at the various points in the apparatus. Therefore, when
bending at a small radius of curvature 1s applied at a point at
which bending at a bending radius of about 5 mm has been
applied to the optical fiber, 1t 1s worried that the optical fiber
1s broken by the stress strain that occurs at the bent portion.
Therefore, the probability of break due to the bending needs
to be reduced.

A bending loss differs depending on the bending radius.
When the bending radius 1s extended from 1.5 mm to 5 mm,
the bending loss thereof 1s reduced by about two digits and,
therefore, even an optlcal fiber having 10 dB/turn for the
bending radius of 1.5 mm 1s improved to have 0.1 dB/turn for
the bending radius of 5 mm. Therefore, when the optical fiber
satisiies a condition of 1 dB/turn for abending radius of 1 mm,
the variation of the loss 1s within an error even when bending,
at a radius of 5 mm 1s applied to the optical fiber for wiring
thereof.

Generally, the strain that 1s caused when an optical fiber 1s
bent becomes large and the probability of break becomes high
as the cladding diameter becomes large. For example, 1t 1s
assumed that bending corresponding to one turn of the bend-
ing radius r=about 5 mm 1s present in an optical fiber when an
optical interconnection system using the optical fiber 1s con-
structed. The relation between the cladding diameter and the
probability of the fiber break of the optical fiber 1n this case,
obtained by simulation 1s shown 1 FIG. 3.

FIG. 3 1s a graph of the relation between the break prob-
ability and the cladding diameter for an optical fiber assuming
the bending radius of 5 mm, one turn, and life of five years.
The axis of ordinate thereot represents the break probability
[%] and the axis of abscissa thereof represents the cladding
diameter [um]. In this simulation, the screening level o' 1.5%,
the fatigue factor with the coating material of 18, and the life
of the product of five years are assumed. When the cladding
diameter of the optical fiber 1s 125 um, the break probability
of the optical fiber reaches 100% within five years and the
construction of the system 1s impossible. However, the fiber
break probability 1s 0.9% when the cladding diameter 1s
reduced to 90 um and, therefore, the probability can be
reduced to about 0.3% of that for 125 um. It 1s preferable that
the break probability 1s 1.0% or less for the system designing.
For an ordinary optical fiber, the demand for improving the
probability of break thereof due to bending 1s not so strong,
from the viewpoint of the occurrence of the bending loss
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thereof. However, when the optical fiber 1s bent at a small
radius as 1n optical interconnection, an effect obtained by
reducing the probability of break due to the above small-
radius winding 1s significant.

On the other hand, for an SMF, 1t 1s said that a cladding
region up to about ten times as long as the MFD influences the
transmission loss thereot. Therefore, for a fiber for the present
use that has an MFD of 6.5 um or larger, no increase of the
transmission loss caused by reducing the cladding diameter
occurs when the cladding diameter 1s 65 um or larger.

That 1s, for the optical fiber of the embodiment, the clad-
ding diameter thereof 1s reduced from 65 um to 90 um and,
thereby, the break probability for the case where bending
stress 1s decreased and the flexibility of wiring 1s improved.

More detailed description will be given below for the opti-
cal fiber of the embodiment referring to the simulation result.
Characteristics are obtained using simulation, of optical
fibers having the cladding diameter of 80 um, formed of
silica-based glass, and having a W-shaped refractive index
profile as shown 1n FI1G. 4. In each of the optical fibers having
the W-shaped refractive index profile shown 1n FIG. 4 a first
core 11 (diameter “a”) that 1s located at the central portion and
that 1s doped with germanium 1s provided; a second core 12
(diameter “b”) that surrounds the first core 11 and that 1s
doped with fluorine 1s provided; and a cladding 15 that sur-
rounds the second core 12 and that 1s formed of pure quarts 1s
provided. For optical fibers each having the W-shaped refrac-
tive index profile shown in FIG. 4, the simulation result of the
characteristics of the optical fibers denoted by Al to A7 for
which parameter values are respectively varied 1s shown in
FIG. 5. The above pure silica means quarts that contains no
dopants for refractive index adjustment, and may contain Cl
element, etc., that do not influence the refractive index of the

fiber.

Relative refractive index differences Al and A2 are respec-
tively the relative refractive index of the first core 11 against
the cladding 15 and the relative refractive index of the second
core 12 against the cladding 15, are respectively expressed as
shown 1n Equations (6) and (7):

A1={(1,y-1.)/n Jx100[%] (6)

A2={(1-1.)/n Jx100[%] (7)

In Equations (6) and (7), n_, 1s the maximum refractive
index of the first core 11; n_, 1s the minimum refractive index
of the second core 12; and n_ 1s the refractive index of the
cladding 15. The o value of the first core 11 1s assumed to be
al.

In the W-shaped refractive index profile, the diameter a of
the first core 11 1s defined as a diameter measured at a position
at which the same refractive index as that of the cladding 15
1s present on the boundary between the first core 11 and the
second core 12, and the diameter b of the second core 12 1s
defined as a diameter measured at a position at which a
relative refractive index difference that 1s 12 of the relative
refractive index difference A2 that 1s described later 1s present
on the boundary between the second core 12 and the cladding
15.

For each of the optical fibers denoted by Al and A7, the .
value of the first core 11 1s suiliciently large and the shape of
the first core 11 can be regarded as being step type and,
therefore, ol 1s described as “step” 1n FIG. 5. Of the optical
fibers denoted by Al to A7 of FIG. 5, those that each have an
MEFD of 6.5 um or larger at a wavelength of 1,300 nm, that
cach transmit light with a wavelength of 1250 nm 1n a single
mode, and that each have a bending loss of 1 dB/turn or less
when bent at a radius of 1.5 mm, are those denoted by Al to
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Ad. Therelore, from these simulation results, for the optical
fibers each having the W-shaped profile as shown 1n FIG. 4, 1t
1s known that an optical fiber of an embodiment of the present
invention that has the desired characteristics can be obtained
by setting the relative refractive index difference (Al) to be
0.6% or larger and 0.8% or smaller and the a value to be 1.5
or larger for the first core 11; and the relative refractive index
difference (A2) to be —0.05% or smaller for the second core
12. Especially, the relative refractive index difference (A2) of
the second core 12 may preferably be set to be —0.05% or
smaller. That 1s, the refractive index of the second core 12
may slightly be decreased against the refractive index of the
cladding 15 and, therefore, the degrees of freedom 1n design-
ing the refractive index profile becomes high and the manu-
facturability also becomes high.

“Cut-oif frequency’ here means the fiber cut-oif frequency
ic provided m ITU-T G.650.1. Other terms that are not
defined herein follow the definitions and measuring methods
in ITU-T G.650.1.

Characteristics are obtained using simulation, of optical
fibers having the cladding diameter of 80 um, formed of
silica-based glass, and having a W-segment profile as shown
in FIG. 6. In each of the optical fibers having the W-segment
profile shown in FIG. 6 a first core 21 (diameter “a”) that 1s
located at the central portion and that 1s doped with germa-
nium 1s provided; a second core 22 (diameter “b”) that sur-
rounds the first core 21 and that 1s doped with fluorine 1s
provided; a third core 23 (diameter “c”) that surrounds the
second core 22 and that 1s doped with germanium 1s further
provided; and the cladding 15 that surrounds the third core 23
and that 1s formed of pure quarts 1s provided. A relative
refractive index difference A3 is the relative refractive index
difference of the third core 23 against the cladding 15 and 1s
expressed as shown in Equation (8):

A3={(n5-n)/n}x100[%] (8)

In Equation (8), n_, 1s the maximum refractive index of the
third core 23 in the W-segment profile. In the W-segment
refractive index profile, the diameter a of the first core 21 1s
defined as a diameter measured at a position at which the
same refractive index as that of the cladding 13 1s present on
the boundary between the first core 21 and the second core 22.
The diameter b of the second core 22 1s defined as a diameter
measured at a position at which a relative refractive imndex
difference that 1s 14 of the relative refractive index difference
A2 1s present on the boundary between the second core 12 and
the cladding 15. The diameter ¢ of the third core 23 1s defined
as a diameter measured at a position at which a relative
refractive index difference that 1s V10 of the relative refractive
index difference A3 1s present on the boundary between the
third core 23 and the cladding 15.

The simulation result of the characteristics of the optical
fibers obtained when each of the parameter values 1s properly
set for optical fibers having the W-segment profile shown 1n
FIG. 6 1s shown being denoted by B of FIG. 5. As a result, 1t
1s known that optical fibers having desired characteristics can
be obtained depending on the setting of each parameter simi-
larly for the case of the optical fibers each having the W-seg-
ment profile.

Characteristics are obtained using simulation, of optical
fibers having the cladding diameter of 80 um, formed of
silica-based glass, and having a quasi-W-shaped profile as
shown in FIG. 7. In each of the optical fibers having the
quasi- W-shaped profile shown in FIG. 7 a first core 31 (diam-
cter “a”) that 1s located at the central portion and that 1s doped
with germanium 1s provided; a second core 32 (diameter “b™)
that surrounds the first core 31 and that 1s formed of pure silica
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glass 1s provided; a third core 33 (diameter “c”) that surrounds
the second core 32 and that 1s doped with germanium 1s
turther provided; and the cladding 15 that surrounds the third
core 33 1s provided. A relative refractive index difference A3
1s the relative refractive mndex difference of the third core 33
against the cladding 15 and 1s expressed as shown 1n Equation

9):

In Equation (9), n_; 1s the minimum refractive index of the
third core 33 1n the quasi-W-shaped profile. In the quasi-W-
shaped refractive index profile, the diameter a of the first core
31 1s defined as a diameter measured at a position at which a
refractive index difference that 1s 10 of the relative refractive
index difference Al 1s present on the boundary between the
first core 31 and the second core 32. The diameter b of the
second core 32 1s defined as a diameter measured at a position
at which a relative refractive index difference that 1s 12 of the
relative refractive index difference A3 1s present on the
boundary between the second core 32 and the third core 33.
The diameter ¢ of the third core 33 1s defined as a diameter
measured at a position at which a relative refractive index
difference that 1s 14 of the relative refractive index difference
A3 1s present on the boundary between the third core 33 and
the cladding 15.

The simulation result of the characteristics of the optical
fibers obtained when each of the parameter values 1s properly
set for optical fibers having the quasi-W-shaped refractive
index profile shown 1n FIG. 7 1s shown being denoted by C of
FIG. 5. As a result, 1t 1s known that optical fibers having
desired characteristics can be obtained depending on the set-
ting of each parameter similarly for the case of the optical
fibers each having the quasi-W-shaped profile.

Description will be given about an optical interconnection
system according to the embodiment of the present invention.
When optical fibers are used for optical interconnection, 1t 1s
assumed that the optical fibers are made 1n the form of a
ribbon and, thereby, an optical transmission body 1s caused to
have multiple channels and high-speed optical communica-
tion 1s executed. Usually, according to the specification of a
s1lica-based optical fiber, 1t 1s general that an outer diameter
after coating 1s 250 um against a cladding diameter of 125 um
and the pitch of an optical fiber ribbon formed by mutually
joming a plurality of optical fibers placed 1n parallel to each
other 1s 250 um. For a small-diameter optical fiber for which
the outer diameter of the optical fiber 1s reduced, the outer
diameter after coating 1s also a small diameter and, therefore,
manufacture of an optical fiber ribbon having a narrower
pitch than that of a conventional optical fiber ribbon 1s
ecnabled. Therefore, 1t 1s preferable to use the above small-
diameter optical fiber having a cladding diameter of 65 um to
90 um. An optical fiber ribbon having a narrow pitch using the
small-diameter optical fibers 1s highly flexible for wiring and
can be accommodated saving space and, therefore, 1s an opti-
cal component that 1s suitable for optical interconnection.

As seen from the above simulation result, the optical fiber
of the embodiment enables the single-mode propagation 1n
the 1.3 um band and has the excellent bending loss property
and the excellent connection loss property in the 1.3 um band.
An exemplary configuration of an optical interconnection
system 50 that applies the optical fiber of the embodiment as
a transmission medium and that uses a VCSEL having an
oscillation frequency of the 1.3 um band as a light source 1s

shown 1n FIG. 8.

In FIG. 8, two printed circuit boards 48a and 48bH are
erected of which each one side 1s supported, on one face of a
back plane 47. The two printed circuit boards 48a and 485 are
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facing each other sandwiching a predetermined spacing. On
the face of the printed circuit board 48a that faces the other
board, a VCSEL 44 and an LSI 41 implemented on a driver IC
43 are provided. The LSI 41 and the VCSEL 44 are electri-
cally connected by an electric wiring 42. On the face of the
other printed circuit board 485 that faces the other board, a PD
49 1s provided. The VCSEL 44 and the PD 49 are optically
connected by an optical fiber ribbon 40 formed by integrating
a plurality of optical fibers each according to the embodiment
in the form of a flat belt. The optical fiber ribbon 40 first
extends along the main face of the one printed circuit board
48a; 1s bent at a substantial right angle by a first connector
46a; atter running on the back plane 47, 1s bent at a substantial
right angle through a second connector 465; extends along the
main face of the other printed circuit board 485; and reaches
the PD 49.

Due to such routing of the optical fiber, the optical fiber
ribbon 40 1s applied with four bent portions A at the radius of
curvature ol 1.5 mm respectively at four positions respec-
tively by 4 turn. Though about one turn of bending at a
bending radius of about 5 mm 1s present due to detlection,
etc., not shown, of the optical fiber, the system 1s operable
without any problem. As shown 1n FI1G. 9, an optical fiber 10
1s used that has the W-shaped refractive index profile shown in
FIG. 4, that has the diameter of the cladding 15 thereof of 80
wm, that has the outer diameter of a primary coating resin 52
thereot of 105 um, that has the outer diameter of a secondary
coating resin 33 thereof of 125 um, and that has parameter
values denoted by A3 of FIG. 5 being set therein, as the optical
fiber 10 used 1n the optical fiber ribbon 40. As shown 1n FIG.
10, the optical fiber ribbon 40 1s formed by placing 12 optical
fibers 10 1n parallel to each other at pitches P of 125 um, and
joimng these optical fibers 10 by coating the fibers 10 with a
ribbon coating resin 34.

In the optical fiber ribbon 40, the coating diameter H
(thickness H) 1s 170 um taking into consideration both ele-
ments that are an added loss amount generated by making the
coating resins 52 and 53 thinner and space-saving. The optical
fiber ribbon 40 for which the pitch P 1s set to be 125 um has a
half of the conventional size, has high flexibility, and can be
accommodated saving space 1n an apparatus. A UV-curable
resin 1s used as the material of the coating resins 52 and 53.

When small-diameter optical fibers that each have the
diameter of the cladding 15 of 65 um, and that has the differ-
ence between the coating outer diameter and the cladding
outer diameter of 20 um are used as the optical fibers 10, the
pitch P may be reduced to 85 um.

The finished dimensions of the optical fiber ribbon 40 are
1.55 mm for a width W and 0.17 mm for a thickness H. By
arranging a light source VCSEL that 1s the connection coun-
terpart 1n an array having a pitch of 125 um and 12 channels,
collective optical connection by the manufactured optical
fiber ribbon 40 1s enabled. In this structure, by directly modu-
lating a VCSEL, ultra-high-speed optical communication
exceeding 100 Gbps 1s realized.

Because the cladding diameter 1s set to be 80 um, the break
probability due to bending can be reduced and, therefore,
substantially no break occurs after five years have passed that
1s the product life.

A flame-resisting ribbon core fiber was manufactured
using a flame-resisting UV-curable urethane acrylate resin as
the UV-curable resin that 1s the maternial of the coating resins
52 and 33 in the optical fiber ribbon 40. Giving a flame-
resisting property was considered by adding to the resin a
halogen-based additive such as bromine and chlorine; an
antimonial compound such as antimonous oxide and triph-
enyl antimony; a metal hydrate such as aluminum hydroxide
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and magnesium hydroxide; and a phosphoric compound such
as phosphate, or by halogenating with bromine or chlorine the
pre-polymer or acryl-monomer 1tself that configures the UV-
curable resin and infiltrating phosphorus therein, during the
manufacture of the flame-resisting uv-curable urethane acry-
late resin used 1n this case. Of these methods, the method of
adding a bromine-based tlame-resisting agent was especially
elfective.

It 1s considered that the reason why the giving of the flame-
resisting property was realized by varying the composition as
above 1s that a product generated by a decomposition reaction
coats the resin surface or that a cracked gas generated during
combustion forms an insulating layer between the resin and
air. It also 1s considered that radicals from a halogen-contain-
ing compound prevent combustion from continuing or that
the resin 1s made three-dimensional by bridging.

An optical fiber ribbon obtained using a UV-curable ure-
thane acrylate resin that contains aluminum hydroxide as a
flame-resisting agent was evaluated 1n a 60-degree inclined
combustion test according to the JIS C3005 standard as a
ribbon coating resin. As a result, flames 1gnited on the fibers
were automatically put out 1n about 3.2 seconds on average
and the resin could meet the standard. Though the flame-
resisting UV-curable resin was used 1n this case, a flame-
resisting thermo-plastic resin or a flame-resisting heat-cur-
able resin may also be used instead of the flame-resisting
UV-curable resin.

It was considered to obtain a high flame-resisting property
by replacing the whole or a part of each of the coating resins
52 and 53 of the optical fiber ribbon 40, and the ribbon coating
resin 34 with a flame-resisting UV-curable resin. As a result,
with an optical fiber ribbon obtained using a UV-curable
urethane acrylate resin containing a flame-resisting agent at
least for the secondary coating resin 53 of the optical fiber and
the ribbon resin, in a 60-degree inclined combustion test
according to JIS C30035 standard, flames 1gnited were auto-

matically put out 1n about 2.6 seconds on average and this
resin could meet the standard.

A vertical combustion test according to UL 1581 standard
was executed to the above optical fiber ribbon and, as a result,
flames were automatically put out 1n 5.7 seconds 1n average.
No burning drips were observed, which means that this ribbon
could meet the UL standard. Similar vertical combustion test
was executed to an optical fiber that was at a stage of an
clement wire thereol having been applied with the processes
up to the secondary coating and, as a result, flames were
automatically put outin 7.6 second on average and the optical
fiber had a suilicient flame-resisting property in the forms of
an element wire thereof and a ribbon core fiber. Though the
flame-resisting UV-curable resin was used in this case, a
flame-resisting thermo-plastic resin or a flame-resisting heat-
curable resin may also be used instead of the flame-resisting
UV-curable resin.

The embodiments enable realization of reduction of both
of the bending loss and the connection loss, obtaining of an
optical fiber and an optical fiber ribbon that enable high-speed
optical transmission, and, thereby, easy construction of an
optical interconnection system.

Although the invention has been described with respect to
specific embodiments for a complete and clear disclosure, the
appended claims are not to be thus limited but are to be
construed as embodying all modifications and alternative
constructions that may occur to one skilled 1n the art that
tairly fall within the basic teaching herein set forth.
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What 1s claimed 1s:

1. An optical fiber, made of silica-based glass, comprising:

a core; and

a cladding, wherein

the optical fiber has a mode field diameter of 6.5 um or

larger at a wavelength of 1300 nm, 1s configured to
transmuit light with a wavelength of 1250 nm 1n a single
mode, and has a bending loss of 1 dB/turn or smaller at
a wavelength of 1300 nm when the optical fiber 1s bent
with a curvature radius of 1.5 mm.

2. The optical fiber according to claim 1, wherein a diam-
cter of the cladding 1s 65 um to 90 um.

3. The optical fiber according to claim 2, wherein

arelative refractive index difference of a first core, which 1s

located at a central portion, with respect to the cladding
1s between 0.6% and 0.8%, inclusive,

an ¢, value of the first core 1s 1.5 or larger, and

a relative refractive index difference of a second core,

which surrounds the first core, with respect to the clad-
ding 1s —0.05% or smaller.

4. The optical fiber according to claim 2, further compris-
ing a coating formed of at least any one of a UV-curable resin,
a thermo-plastic resin, and a heat-curable resin, and wherein
the coating has a flame-resisting property.

5. The optical fiber according to claim 3, further compris-
ing a coating formed of at least any one of a UV-curable resin,
a thermo-plastic resin, and a heat-curable resin, and wherein
the coating has a flame-resisting property.

6. The optical fiber according to claim 1, wherein

arelative refractive index difference of a first core, which 1s

located at a central portion with respect to the cladding 1s
between 0.6% and 0.8% 1inclusive,

an ¢, value of the first core 1s 1.5 or larger, and

a relative refractive index difference of a second core,

which surrounds the first core, with respect to the clad-
ding 1s —0.05% or smaller.

7. The optical fiber according to claim 6, further compris-
ing a coating formed of at least any one of a UV-curable resin,
a thermo-plastic resin, and a heat-curable resin, and wherein
the coating has a flame-resisting property.

8. The optical fiber according to claim 1, further compris-
ing a coating formed of at least any one of a UV-curable resin,
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a thermo-plastic resin, and a heat-curable resin, and wherein
the coating has a flame-resisting property.

9. An optical fiber ribbon, wherein

the optical fiber ribbon 1s formed by placing a plurality of

optical fibers in parallel to each other and integrating the
optical fibers 1n a form of a flat belt,

cach of the optical fibers, made of silica-based glass, com-

prising:

a core; and a cladding, wherein

cach of the optical fibers has a mode field diameter 01 6.5
um or larger at a wavelength o1 1300 nm, 1s configured
to transmit light with a wavelength of 1250 nm 1n a
single mode, and has a bending loss of 1 dB/turn or
smaller at a wavelength of 1300 nm when the optical
fiber 1s bent with a curvature radius of 1.5 mm.

10. The optical fiber ribbon according to claim 9, wherein
the optical fibers mtegrated 1n the form of a flat belt have a
ribbon coating formed of at least any one of a flame-resisting
UV-curable resin, a flame-resisting thermo-plastic resin, and
a flame-resisting heat-curable resin.

11. An optical interconnection system for a communica-
tion wavelength of a 1.3 um band, the optical interconnection
system comprising:

an optical fiber, made of silica-based glass, comprising:

a core; and

a cladding, wherein

the optical fiber has a mode field diameter of 6.5 um or
larger at a wavelength of 1300 nm, 1s configured to
transmit light with a wavelength of 1250 nm 1n a
single mode, and has a bending loss of 1 dB/turn or
smaller at a wavelength of 1300 nm when the optical
fiber 1s bent with a curvature radius of 1.5 mm, and the
optical fiber 1s configured to transmait the signal light;
and

a Vertical-Cavity Surface-Emitting Laser that injects an

optical signal 1n a wavelength of a 1.3 um band 1nto the
optical fiber.

12. The optical interconnection system according to claim
11, wherein a plurality of the optical fibers are placed 1n
parallel to each other and are itegrated into a flat belt.
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